ABSTRACT The corrosion resistance and cytocompatibility of Ti-20Zr-10Nb-4Ta (TZNT) alloy modified by surface laser treatment were investigated. The scanning electron microscopy (SEM) measurements indicated that laser treatment on TZNT alloy generated groove morphologies with the width of 40 μm and the depth of~10 μm on the surface. The water contact angles along the groove direction decreased by 51% compared with that of the untreated alloy. The laser treatment promoted the oxidation of metallic Ti, Zr and Nb and produced more stable oxides on surface. The corrosion potential increased by 50% and corrosion current density decreased by 72% compared with that of the untreated alloy in the anodic polarization test for the alloy in Hank's solution at 37°C. This indicated the improvement of the corrosion resistance by laser treatment. The cytotoxicity testing results showed that the laser-treated TZNT alloy performed similar MC3T3-E1 cell viability compared with the untreated alloy. The cells displayed oriented growth along the groove direction due to the increased hydrophilicity. This novel material may be a new candidate in orthopedics and dentistry implantations fields.
INTRODUCTION
Due to the high strength to weight ratio, good corrosion resistance, and low density, commercially pure titanium (CP-Ti) and Ti-6Al-4V alloys have been widely used in biomedical fields such as orthopedics and dental implantations [1, 2] . However, the disadvantages of CP-Ti and Ti-6Al-4V in clinical applications, e.g., very high Young's modulus, and toxic effects of V and Al elements, triggered the development of new bio-safe Ti alloys exhibiting low Young's modulus comparable to human bones [3, 4, 5] . Therefore, many Ti alloys made of nontoxic elements, e.g., Ti-Zr [6] , Ti-Nb [7] , Ti-13Nb-13Zr [8] , Ti-35Nb-5Ta-7Zr [9] , Ti-29Nb-13Ta-4.6Zr [10] , and Ti-38.3Ta-22Zr-8.1Nb [11] alloys have been extensively investigated. These alloys exhibited low Young's modulus, good mechanical properties and excellent biocompatibility, showing the promise as new candidates in biomedical applications. Moreover, some of the recently developed Ti alloys such as Ti-19Zr-10Nb-1Fe [12, 13] and Ti-20Zr-10Nb-4Ta [14] behaved good superelasticity and shape memory effects, and thus may challenge the Nitinol shape memory alloy in future clinical applications.
The laser surface treatment has been used to improve the mechanical properties, corrosion resistance and biocompatibility of Ti alloys [15, 16] . On the one hand, a homogeneous microstructure and stable oxidation layer can be produced on the surface of the alloy owing to rapid re-solidification [17] . On the other hand, the heat energy localized at the surface level, leaving the bulk properties unaffected [18] . Lawrence et al. [19] indicated that the adhesiveness and proliferation of osteoblast cells can be enhanced when Ti-6Al-4V alloy was treated by a pulsed Nd : YAG laser, owing to the increased surface roughness and improved wettability. Chen et al. [20] reported that laser-treated microgrooves on Ti-6Al-4V alloy promoted cell adhesion with enhanced interactions between the focal adhesions and the extra-cellular matrix (ECM) proteins. Ulerich et al. [21] modified the Ti-6Al-4V surfaces by direct-write laser machining to form linear grooves and the grooves exhibit basic features of contact guidance for cell growth.
In our previous work, the Ti-20Zr-10Nb-4Ta alloy was found exhibiting good mechanical properties as well as shape memory effect [14] . In the present work, a focused laser surface treatment has been performed on the Ti20Zr-10Nb-4Ta. The effects of laser surface treatment on the corrosion resistance and cytocompatibility were investigated.
MATERIALS AND METHODS

Materials
The Ti-20Zr-10Nb-4Ta (at.%, TZNT) alloy was prepared using high-purity (>99.9 wt.%) raw materials. The ingots (approximately 1.5 kg in weight) were re-melted five times for homogeneity via the non-consumable arcmelting method under Ar protection. The as-melted ingots were homogenized at 1237 K for 6 h in a vacuum of 10 −3 Pa, cut into 4 mm thick pieces, and then cold rolled into sheets with 75% reduction in thickness. Next, alloy sheets were annealed at 873 K in vacuum for 30 min and quenched in water.
The sheets were cut into 11 mm×11 mm for experimentation. Before the laser ablation, the sample surface was ground by a series of sandpapers from 240 to 1500 grit and electropolished to a mirror. Then the samples were cleaned ultrasonically in methanol for 10 min, rinsed in distilled water for another 10 min, and dried thoroughly in cold air stream.
Laser ablation
The laser surface ablation process was performed using a pulsed wave 15 W fibre laser (PicoYL-15-0.1). The wavelength of the laser is 1064 nm, and the spot size is 35 μm. After cleaned with methanol and dried in air, the samples were irradiated with the fibre laser using the following processing parameters: laser power: 11.4 W, workpiece scanning speed: 700 mm s −1 , frequency: 100 kHz, shielding gas type: high purity argon. The Ar gas was delivered to the laser-irradiated area via side gas jets.
Surface topography and chemical composition
Images of the laser-treated TZNT surfaces were obtained with a scanning electron microscope. The surface profiles were determined using a white light interferometer.
Changes in the chemical states and compositions of the surfaces in the depth direction were analyzed by X-ray photoelectron spectroscopy (XPS), using monochromatic Al Kα radiation. The spot size was 500 μm and the pass energy was set to 100.0 eV and 30.0 eV for wide spectrum and narrow spectrum scan analysis, respectively. The XPS measurements were measured at the surface of samples without any sputtering.
Contact angle and corrosion tests
To investigate the wetting properties of surface treated by laser, contact angle measurements were conducted for the laser treated and untreated samples using distilled water within two hours after sample processing. Electrochemical tests were conducted to evaluate the corrosion resistance ability of the untreated and laser treated samples in Hank's solution at a pH of 7.4. The composition of the Hank's solution included 8.00 g L −1 NaCl, 0.14 g L Glucose. Potentio-dynamic polarization tests were carried out using a standard three-electrode system at the temperature of 37 ± 0.5°C and scan rate of 1 mV s −1 , which had a saturated calomel electrode as the reference electrode and a carbon electrode as the counter electrode. The test potential ranged below the open circuit potential of 300 mV to above that of 300 mV, and scanned from low potential to high potential. Exposed area of each sample was 1.21 cm 2 . Polarization measurements started after the samples were immersed in the Hank's solution for 20 min under opencircuit conditions. Beyond that, the open circuit potential curves were measured for 12 h to obtain stable datum.
Evaluation of cellular response
MC3T3-E1 cells were cultured in α-modified minimum essential medium (α-MEM) containing 10% fetal bovine serum (FBS) and 1% of antibiotic-antimycotic solution at 37°C under a humidified atmosphere of 5% CO 2 . The TZNT plates were sterilized with the ultraviolet lamp. Each sterilized TZNT plate was placed in a single well of a 12-well polystyrene cell-culture plate. The MC3T3-E1 cells were seeded within each well at a concentration of 1 × 10 4 cells mL −1 and then incubated for 12, 24 or 72 h. Morphological analysis of the cells was then performed using SEM. To prepare specimens for SEM analysis, the cells were washed three times in PBS (5 min each time), fixed with 2.5% glutaraldehyde under the condition of avoiding light for 1 h and rinsed in PBS again. Then the cells were dehydrated in sequential concentrations of ethanol of 30%, 50%, 70%, 90% and 100% (15 min each concentration). The hexamethyl disilylamine was added for 15 min and then dried in air. After culturing, MTT assay was used to evaluate cell proliferation. The absorbance was measured at a wavelength of 492 nm on the enzyme-link meter.
Statistical analysis
All the results are presented as the means ± standard error of the mean. The data were statistically analyzed using the software program SPSS. One-way ANOVA with Duncan's multiple range test was used to examine differences between the groups. Values of p<0.05 were considered significant unless stated otherwise. Data from all experiments are representative from one of at least three repeated experiments. Fig. 1 shows the surface topography images of the untreated and laser-treated TZNT samples obtained by SEM and optical measurement system. It is seen in Fig. 1a that the untreated sample is smooth on the surface. However, the surface of the laser-treated sample is covered by rougher groove morphologies (Fig. 1b) . It is noted that uniform ripples are observed at the bottom of the grooves. The width of the groove is about 40 μm, which is slightly larger than the diameter of the laser beam, 35 μm. The spacing distance of grooves is about 50 μm, which is almost the same as the distance of laser beam. The 3D surface profile of the untreated sample displays a roughness average (Ra) value of 0.202 μm as shown in Fig. 1c . A much higher Ra value of 4.175 μm was measured by the 3D surface profile of the laser treated TZNT in Fig. 1d , and corresponding depth of grooves is about 10 μm as shown in Fig. 1f . It is known that the microgrooves with stripes are typical topographic features of laser-ablated samples. Mukherjee et al. [22] found that the laser ablation induced micro-grooves and ripples on the laser treated Ti-6Al-4V were dependent on the laser scanning parameters and, moreover, influenced the cellular activities and enhanced the biocompatibility. Fig. 2 shows the water contact angles of the laser-treated and untreated TZNT surfaces. It is seen that all the contact angles of the samples remain below 40°. The average water contact angle of untreated TZNT is isotropic and determined as 36.9°. In contrast, the laser treated TZNT exhibits obviously anisotropic contact angle. For the P direction, the average water contact angle is . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   518 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38.9°which is close to that of the untreated samples. For the V direction, the average water contact angle is 18.0°, which is about 51% lower than that of the untreated samples. Similar results have been found on laser treated Ti-6Al-4V alloy that the contact angle measured perpendicular to the orientation of the grooves was very different from that parallel to the grooves [22, 23] . Fig. 3 shows the XPS spectra of the untreated and lasertreated TZNT surface. It can be seen that apart from the presence of the expected key elements (Ti, Zr, Nb, Ta and O), both laser-treated and untreated surfaces reveal the presence of carbon (C). It was believed that carbon was present as a contamination from environment or cleaning process [24] . A summary of different elements detected in the outmost oxide layers on the laser-treated and untreated surfaces is given in Table 1 . The quantitative compositional results indicate that the oxide film is enriched with more non-metallic elements (O and C) after laser surface treatment. The relative concentration of non-metallic elements in the outermost surface layer increases. In addition, the higher O concentration of untreated samples is owing to the electrobrightening which can form an oxide layer on the surface. Fig. 4 shows the XPS spectra of different elements obtained from narrow scans over the Ti 2p, Nb 3d, Zr 3d, and Ta 4f lines for the laser-treated and untreated TNZT samples. The Ti 2p XPS spectra (Fig. 4a ) of the untreated surface shows that the outermost oxide layer is mainly composed of TiO 2 (or Ti 4+ ), and small amounts of metallic Ti is also found. However, the laser-treated surface contains only TiO 2 without metallic Ti. The Zr 3d XPS spectrum (Fig. 4b ) of the untreated surface shows that outermost oxide layer contains the Zr 4+ and some metallic Zr. In comparison, the outermost oxide layer on the lasertreated surface is composed of Zr 4+ and fewer metallic Zr. For Nb in the surface as seen in Fig. 4c , it is noted that Nb 5+ peaks exist in both of the sample before and after leaser treatment, while the peak of 5/2 Nb 0 almost disappears after laser treatment. Ta oxide is characterized by Ta 5+ peaks in the sample, which is independent to the laser treatment. These results indicated that the leaser treatment promoted the oxidation of Ti, Zr and Nb on the surface of the TZNT alloy, although high purity argon was used to protect the surface of the sample. Similar result has been found in Chan's study that a complete Nb oxide was found in the outermost layer on the lasertreated Ti-35.3Nb-7.3Zr-5.7Ta alloy and no other suboxides were detected [24] . Fig. 5a demonstrates the open circuit potential curves of the untreated and laser-treated TZNT samples in Hank's solution at 37°C. The steady values of OCPs of the samples are listed in Table 2 . An obvious result can be obtained from Fig. 5a that the OCP of laser-treated TZNT is much higher than that of the untreated TZNT. A higher OCP indicates the formation of a thicker passivation layer [25, 26] . The higher OCP of laser-treated TZNT indicates that laser-treated TZNT sample surface is more chemically stable compared to untreated TZNT. XPS analysis results can interpretate the changes of curves from Fig. 5a that the surfaces of untreated samples contain more metallic Ti, Zr and Nb compared with lasertreated samples. Fig. 5b displays the potentio-dynamic polarization curves of the untreated and laser-treated TZNT samples in Hank's solution at 37°C. Fig. 5c, d show the surface morphology images of the untreated and laser-treated TZNT samples after potentio-dynamic polarization test in Hank's solution at 37°C. Table 3 shows the corrosion potential (E corr ) and corrosion current density (i corr ) of the TZNT in this work and those of laser treated Ti-6Al-4V [27] and Ti-35.3Nb-7.3Zr-5.7Ta [24] alloys. It is seen that the E corr of the laser-treated TZNT samples increases by more than 300 mV. The i corr of the laser-treated TZNT samples is obvious lower than that of the untreated sample regardless of the increased surface area of lasertreated samples. The corrosion products of untreated samples are significantly more than that of laser-treated samples. These results reveal a significant improvement in corrosion resistance of TZNT alloy after laser ablation. According to the XPS analysis, it is found that the laser treatment promoted the surface oxidation of TZNT alloy. Therefore, it is believed that the improved corrosion resistance measured in the polarization tests is due to the formation of more protective oxide film on the metal surface after laser ablation. Similar results have been found in Ti-6Al-4V [27] and Ti-35.3Nb-7.3Zr-5.7Ta [24] alloys. The increase in corrosion potential of laser-treated Ti-6Al-4V was possibly due to the presence of oxide as well as formation of refined microstructure and microstructural homogenization [27] . The laser-formed TiO 2 / Nb 2 O 5 layer on the surface of Ti-35.3Nb-7.3Zr-5.7Ta was contributed to the improved corrosion resistance of the alloy [24] . Fig. 6 shows the MTT assay of MC3T3-E1 cells attached on the TZNT for 12, 24 and 72 h culture. It is seen that the cell number increases with increasing culture time for both of the samples. The cell number of laser-treated sample is slightly higher than that of the untreated samples at 12 or 24 h culture time. Therefore, the lasertreated TZNT alloy shows a positive effect on cell proliferation. Liang et al. [28] created several grooved morphologies on NiTi alloy surface by a femtosecond laser and the cell proliferation rate was found increasing with the increasing culture time due to the modification of the surface oxide with the reduction of Ni content. In addition, it was reported that the formation of a stable TiO 2 layer on a Ti substrate through anodic oxidation suppressed the adsorption of surface contaminants, leading to an improved surface hydrophilicity and enhanced cellular adhesiveness [29] . No significant differences in cell proliferation are found between the lasertreated and untreated samples after 72 h culture. Fig. 7 shows the morphology of MC3T3-E1 cells on the untreated and laser-treated samples after 12, 24 and 72 h culture. It can be seen that the cells grew up, spread, contacted and fused gradually with increasing culture time for both of the untreated samples and laser-treated samples. It is seen in Fig. 7a that the MC3T3-E1 cells on the untreated samples exhibited oval and fusiform morphologies after 12 h culture. The filopodia of cells adhered to the surface of samples irregularly. It can be seen in Fig. 7b that the most of the cells on laser-treated samples after 12 h culture displayed triangular shape with filopodia attached on the ridge of grooves. The phenomenon can be observed explicitly in the high magnification image identified with a yellow imaginary line. For the untreated sample after 24 h culture as show in Fig. 7c , the cells grew up in size, and the filopodia of cells begun bonding each other. Moreover, cells on the laser treated sample after 24 h culture produced more filopodia attached on the ridge (see Fig. 7d ). When the culture time reached 72 h, it is observed in Fig. 7e that the cells on the untreated sample were completely fused and grew laminated. These results indicated that more and more connections between filopodia of cells occurred with the increasing incubation time. It can be observed in Fig. 7f that most of the cells on the laser treated sample after 72 h culture exhibit shuttle-like shape distributed along the groove direction. This indicates that the growth of attached MC3T3-E1 cells was definitely guided by the anisotropic groove morphology as well as the reduction of water contact angle along the groove direction. Similar results have been found on a laser treated Ti-6Al-4V surfaces, on which the direction of microgrooves and nanostructures controlled the cell alignment regularly, and the cells grew along the groove primarily [30] . Based on the results of cell culture experiments, it can be concluded that laser ablation improved the surface biocompatibility because of the formation of more stable oxide layer and improved corrosion resistance. Moreover, the micro-grooves not only guide the cell growth, but also provide more surface area in comparison to the untreated surfaces, which was favorable for protein adsorption, resulting in improved biocompatibility [22, 28] .
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CONCLUSIONS
The corrosion behavior and cytocompatibility of Ti20Zr-10Nb-4Ta alloy have been investigated and the following conclusions were reached. The laser treatment caused rougher groove morphologies on the surface of the Ti-20Zr-10Nb-4Ta alloy and promoted the oxidation of Ti, Zr and Nb elements. The corrosion resistance of the alloy was improved by laser treatment as evidenced by an enhanced corrosion potential from −609.85 to −304.55 mV and a reduced corrosion current density from 3.70×10 −8 to 1.04×10 −8 A cm −2 in the anodic polarization test in Hank's solution. The laser-treated Ti-20Zr-10Nb-4Ta alloy showed similar cell viability compared with the untreated alloy. Moreover, more hydrophilic surface and presence of the anisotropic groove pattern induced obvious orientation for cell growth. 
